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NATIONAL ADVISORY COMMITTEE FOR AERORAUTICS 


RESEARCH MEMORANDUM 


USE OF EFFECTIVE MOMENTUM THICKNESS IN DESCRIBING 
TURBINE ROTOR-BLADE LOSSES 

By Warner L. Stewart^ Warren J. Whitney^ and James W- Miser 


SUMMARY 

The use of an effective rotor-blade momentum thickness in describ- 
ing rotor-blade loss characteristics is discussed herein, A derivation 
of the necessary equations is presented for obtaining this momentum 
thickness for given over-all turbine performance^ stator performance^ 
and rotor geometric quantities. 

The effective rotor-blade BKamentum thickness was calculated for a 
series of transonic rotors previously investigated. The ratio of this 
thickness to the blade mean camber length is correlated with the sum of. 
the design rotor-blade suction- and pres sirre- surface diffusion param- 
eters. Comparison of this correlation with that obtained fz'om low-speed 
two-dimensional cascade results showed similar slopes but higher values 
of momentum thickness for the rotors. Some of the possible reasons for 
this difference are the inability to measure rotor surface diffusions 
and the effects of velocity level, turbulence, and three-dimensional 
secondary flows . 


INTRODUCTION 

A study of the sources and significance of the various losses oc- 
curring within turbine blade rows is in progress at the KACA Lewis lab- 
oratory. Such information is necessary not only to aid in the design of 
efficient tirrblnes, but also to indicate the direction of future research. 
The blade-row losses are described in reference 1 in terms of basic 
boimdary- layer parameters. Because the blade exit momentum thickness is 
the most significant parameter in the determination of the blade loss 
(ref. l), an estimation of the blade loss based on boundary-layer param- 
eters depends on an accurate evaluation of the mon^entum- thickness 
parameter. 

Application of boundary-layer parameters has been made in studying 
the loss characteristics of typical single-stage turbine stators (refs. 

2 to 4, e.g.). Obtaining the necessary data was scanewhat simplified in 
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that the wake surveys could easily be taken downstream of the blade row. 
Analysis of the results was also straightforward in that inlet conditions 
were uniform and known^ and the stators operated with a large static- 
pressure drop so that there was very little^ if any_, diffusion on the 
blade surfaces. Thiis surface diffusion was not considered to have any 
appreciable effect on the stator-blade loss. 

The analysis. of rotor loss characteristics is considerably more 
difficult in that rotors generally operate with considerably lower reac- 
tion resulting in higher blade surface diffusion as compared with that 
of stators. Thus, blade surface diffusion becomes a most important 
parameter in describing rotor losses. The study of rotor loss charac- 
teristics is then hampered by the difficulty in estperimentally deter- 
mining the blade diffusions. Further, effects of vsirlatlons in rotor- 
inlet conditions due to stator wakes and secondary-flow cores, as well 
as secondary flows within the rotors themselves, make the analysis of 
rotor loss characteristics even more difficiilt. Finally, the inability 
to obtain accurate wake measurements behind rotors makes the determina- 
tion of rotor loss characteristics very difficult. 

In spite of these difficulties some attempts have been made to study 
the sources and significance of the losses occvirring within rotors. In 
references 5 to 9 a series of transonic turbine rotors are Investigated. 
These rotors were all designed for approximately the same speed, weight 
flow, and work output. A considerable variation in rotor solidity was 
covered resulting in a wide range of design suction- and pressure- 
surface diffusions. Although hub, mean, and tip loss characteristics 
obtained from surveys just downstream of each of the rotors of refer- 
ences 5 to 8 were correlated on the basis of design suction-surface dif- 
fusion in reference 10, the results of reference 9 indicate that, in 
general, correlations of this type could not be expected .because of the 
action of rotor secondary flow in transporting the low-momentum fliaida 
away from their original radleLl position. Thus, from these considera- 
tions it is indicated that a loss parameter based on over-all perform- 
ance should be used in studying the loss characteristics of rotors. 

An over-all loss parameter of this type is lised in references 8 
and 9 to correlate turbine, loss on the basis of rotor surface diffusion. 
This loss parameter, ■ based on over-all turbine efficiency and rotor so- 
lidity, was satisfactory for the series of transonic turbine rotors be- 
cause the rotative- speeds, work outputs, and weight flows were similar. 
Although in reference 8 the loss parameter is correlated with the 
suction- surface diffusion parameter, the results of reference 9 indicate 
that rotor design pressure- surface diffusion is also an Important 
consideration and that improved correlation of loss could be obtained 
when based on the sum of the suction- and pressure-svirface diffusion 
parameters. In view of the preceding considerations, a loss psorameter 
based on over- all rotor performance, correlated with a total sturface 
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diffusion paraEoeter (equal to the s-um of the suction- and pressure -surf ace 
diffusion parameters) should he satisfactory in studying rotor Loss char- 
acteristics. The loss parameter should, howev-er, he Independent of the 
operational ciiaracteristics of the turbine in order to have, more general 
validity. Th-us, a more basic parameter than that used in references 0 
and 9 is desired. 

This report describes the application of an effective rotor-blade 
momentum thickness as a more basic parameter for use in studying the 
loss characteristics of rotors. This momentum thickness is defined in 
a manner similar to that in reference 1 except that it is obtained from 
over-all performance characteristics instead of from blade-wake surveys. 
Included in this report will be (l) a description of the method \ised to 
obtain the effective rotor-blade momentum thickness using over- all tur- 
bine performance, ‘ stator performance, and rotor geometric quantities; 

( 2 ) the correlation of this effective rotor-blade momentum thickness ob- 
tained for the series of transonic turbines of references 5 to 9 with 
design total surface diffusion; and ( 3 ) conrparison of the correlation 
with that obtained from the low-speed two-dimensional cascade results 
described in reference 11. 


DEVELOPMENT OP METHOD TO OBTAIN EPFECTIVE ROTOR-BLADE 
MOMEINTUM THICKNESS 

The effective rotor-blade momentimi thickness developed herein is ob- 
tained from stator design-point performance, over-all tiirbine design- 
point performance, and rotor geometric quantities . In addition to the 
blade profile losses, the develapnent will include the effect of inner- 
and outer-wall boundary-layer loss using the method of reference 3 
(which is described in appendix B of this r^ort) as well as the effect 
of mixing downstream of the blade rows using the method of reference 1. 


Performance Characteristics and Geometric Quantities 

The necessary turbine over-all performance characteristics at de- 
sign point can be obtained from the performance map and measured turbine- 
iialet conditions. These characteristics are (l) equivalent specific work 
output Ah*/0^y, ( 2 ) ratio of specific heats *r, (s) txrrbine-inlet total 

texnperature T^, (4) turbine-inlet total pressure p^^, and (5) turbine- 
outlet total pressure p^. (All symbols are defined in appendix A, and 
the station nomenclature is described in fig. 1.) 

The outlet total temperature T^ was calculated from the inlet 

total temperature and turbine work output computed from torque, speed, 
and wei^t-flow measurements. The inlet and outlet total pressures 
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were olatained from meastxred static pressures, total temperatTores, weight 
flow, average flow angle, and annulus eirea using the total-to-statlc 
pressure relations given in equation (Bl) of appendix B. 

The necessary stator performance characteristics at design point 
can be obtained from, stator svurveys . The pertinent parameter needed 
for the subject analysis is the stator loss total-pressure ratio Pg/p^/ 

which includes the wall losses within the stator passages as well as the 
nonuniformities at the blade exit but is corrected for the wall losses 
up to the stator leading edge. 


The rotor geometric quantities used in the development are based 
on mean-section quantities. These quantities are (l) stagger angle 
Og, ( 2 ) blade solidity a, ( 3 ) aspect ratio based on blade chord jd, 

and ( 4 ) ratio of trailing-edge thictaiess to spacing t/s . 


The parameters required from the rotor design velocity diagrams are 
also based on mean-section values. These parameters are (l) relative 
outlet critical velocity ratio (w/w^)^g 2 and ( 2 ) relative outlet 

flow angle P3. 

The rotor loss total-pressiare ratio P 4 /P 2 can he computed as fol- 
lows: The over-all total -pre8s^ire ratio P 4 /P 5 can he expanded to 
yield . . 



p« p" p" p' 

■^4 ^4 -*^2 -^2 

•P^ P^ P ' F" 
■^4 -^2 -^2 -^0 


( 1 ) 


Because the relative total temperatiare at a given ladius is constant for 
free vortex flow and approximately so for the other types of flow, and 
because Tg is equal to Tq, the following relation can he written: 


f _r r 
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By substituting equation (2) into equation (i) and rearranging terms, 
the rotor loss totail-pressure ratio can be obtained from 

(3) 


Effective Rotor-Blade Mamentum Thickness 

The preceding section shows how the rotor loss total-pressure 
ratio P 4 /P 2 obtained from the over-all design performance, the 

turbine geometric quantities, and the stator surveys. In reference 3 a 
method is presented for determining the loss total-pressure ratio for a 
blade row based on an effective momentum thickness ®tot* It is assumed 

in the reference that this effective momentum thickness occurred at the 
blade mean section and that it represented the average momentum loss per 
unit surface area for the blade surfaces and the end walls. In the ref- 
erence method it is assumed that unifoim flow enters the rotor and the 
loss total-pressure ratio Includes the effect of flow nonimiformities at 
the blade exit. Thus the loss total-pressure ratio obtained by the 
method of reference 3 is directly conrparable with the rotor loss total- 
pressure ratio obtained from the performance data. 

The effective rotor-blade mamentum thickness can be comqputed from 
the loss total-pressure ratio P^/Pg applyiJ^ "th® method of refer- 

ence 3. In the computation it is convenient to assume a range of ^-tot 
or preferably ^tot/^’ assumed values of ^tot/^^ values of 

^tot/^ can be estimated by assuming a simple-power -law velocity profile 

with an exponent of l/? for the boundary- layer flow and by knowing the 
rotor-outlet relative critical velocity ratio (w/^cr^f s,m,3* Although 

the form factor H, which relates d^Q^/c and 6 ^q^/c, is approximated 

in this manner, it can be shown from the results of reference 1 that 
the loss total-pr^sstire ratio is quite Insensitive to small Inaccuracies 
in the value of 3^ot/^* ^ curve of loss total-pressure ratio as a func- 
tion of ®tot/^ then be constructed. The value of loss total- 

pressiire ratio corresponding to that computed from the performance data 
then defines the ratio of effective rotor-blade mmnentum thickness to 
chord length 0 ^q^/c' from this curve. A sample calciilation is included 

in appendix B that demonstrates this procedure. 
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The inlet ajad outlet total pressures (pq and p^, respectively) 

used herein are recognized as being somewhat low, because equation (Bl) 
assimes, in effect, a constant velocity throughout the flow area. In 
order to obtain an effective total pressiare at the inlet or outlet, it 
would be necessary to determine the nonuniformities of the flow. The 
effective total pressure would then be the total pressure after mixing 
assuming continuity, conservation of momentum, and conservation of 
energy in the mixing process (see ref. 12) . The error in calculating 
the total pressirre by equation (Bl) is a function of the degree of non- 
uniformity and the Mach number level. Therefore, the error in total 
pressure at the turbine inlet wo\ild be quite sinal ]. because the only non- 
uniformities at the inlet arise frcm the wall boundary layers. Theo- 
retically it can be shown that this error would be about 0.003. At the 
turbine outlet the error in total pressure cannot be estimated quanti- 
tatively, because the degree of flow nonuniformity is not known. How- 
ever, it is felt that the calculated total pressure is reasonably ac- 
curate because the measuring station is located eudLally about one-third 
of a chord length downstream of the trailing edge. In reference 13 it 
is shown that a rapid mixing occinrs downstream of a blade row, emd it is 
therefore felt that by the time the flow reaches the tiirbine-outlet 
measuring station much of the ml xIng has occurred. 

MOMENTUM-THICKNESS CORRELATIONS FOR REFERENCE TRANSONIC TURBINE ROTORS 

The_ratio of effective rotor-blade momentuim thickness to chord 
length 0^Q^/c was calculated at the design point for the transonic 

turbines of references 5 to 9 and 14. The results of these calculations 
are presented in figure 2, where is presented as a function of 

the design total- surface diffusion paiemeter D-tot« Inspection of this 
figure reveals that satisfactory correlation of with D-^ot 

curs for these rotors. The parameter is seen to increase some- 

what linearly from approximately 0.010 at Dtot = 0.35 to 0.014 at 
^tot “ ® •55j thereafter the curve hooks up to approximately 0.0226 at 

^tot == 0.6S. 

Comparison of the trend of this correlation with that obtained in 
reference 9 can be made from figure 3^ where the specific blade loss L 
is presented as a function of- major difference between the 

trends of the two correlating curves (figs. 2 and 3) occurs at high dif- 
fusions where the curve remains straight when using L as the loss 
parameter. The difference occurs as a result of the design requirements 
of the turbine of reference 6 being slightly different frcm those of the 
other reference turbines^ the principal factor being the rotor- outlet 
velocity level. 
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As pointed out in the development section^ it is assumed that the 
momentutii loss is a function of the blade surface area* Also^ when blades 
of high turning are considered (as is done herein), the chord is not 
representative of the average of the suction- and pressxire-surface 
lengths (ref. 3). Thus, a length more descriptive of the surface length 
than c is desired when presenting momentum loss characteid sties . One 
such length would be that of the blade mean camber line. An improved 
parameter would then be the ratio__of effective rotor-blade momentum 
thickness to mean camber length ^tot/^^ which can be computed from the 
relation 


^tot _ ^tot £ 

I cl 

where c/l can be obtained from rotor geometry. Figure 4 presents 
^tot/^ as a function of I^-^ot ^^o^r.the reference transonic turbine 

rotors. The same trends that are shown in figure 2 are indicated in 
figure 4, but the level of the curve in figure 4 is approximately 10 
percent lower because the value of c/l is approximately 0.90 for all 
the reference transonic turbine rotors. 


COMPARISON OF MOMENTUM TKECKNESSES OF TEIANSONIC ROTORS WITH 
THOSE OF LOW-SPEED TWO-DIMENSIONAL CASCADES 

A conrparison of the raWos of effective rotor-blade momentum thick- 
ness to mean camber length S^^^/l obtained for the reference transonic 

turbine rotors with the G^^/l values obtained for a series of low- 

speed two-dimensional cascades is presented in figure 5. The experi- 
mental data used for the low-speed results are reported in reference 11 
in terms of a wake momentimi difference coefficient C^ The method used 
to convert this parameter to that used in figure 5 is described in ref- 
erence 10. The data points for the low-speed cascades shown In figure 5 
are those obtained at approximately design turning. All. these data 
points except two were obtained with a very low value of turbulence at 
the cascade inlet. The two points were obtained with a turbulence gen- 
erator at the cascade inlet. The curve shown for the transonic turbine 
rotors is reproduced from figure 4 and hence is shown as a function of 
the design total surface diffusion parameter D-tot* surface diffu- 

sion parameter used in plotting each low- speed cascade data point was 
obtained from the measured static-pressure distribution around the 
blade (ref. ll) . 

As shown by f igtire 5 the slopes of the two correlating curves are 
approximately equal over the range of total surface diffusion parameters 
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for the lov- speed cascade tests# It should he noted, hovever, that 
there is a sharp upward trend in the curve for the transonic turbine 
rotors occurring at values of 2D-tot g^reater than those covered by the 

low- speed cascade tests# The correlating curve for the rotors is also 
seen to be higher than the curve for the low-speed cascade tests. As 
mentioned previously, most of the low- speed data were obtained with very 
low inlet turbulence, whereas the flow entering the transonic turbine 
rotors was highly txnrbulent. It is felt that the Inlet turbiilence is ^ 

one of the most important factors affecting the momentum loss# There- g 

fore, two points were included from reference 11 which were obtained by oi 

Tising a turbulence generator at the cascade inlet. As shown in figure 
5, 0-tot A increased markedly by the inlet turbulence, especially at 

the higher value of total surface diffusion parameter. Furthermore, the 
values of obtained for the transonic turbine rotors are com- 

parable with those obtained from the low-speed cascade blading with high 
inlet turbulence. 

Also Included in figure 5 is the value of 0totA obtained from 
the stator of reference 4 at the design point. This value was obtained 
with fairly turbulent inlet conditions and would therefore not be ex- 
pected to agree with the curve for the cascade data of reference 11. 

However, the momentum loss for the stator of reference 4 agrees fairly 
well with that obtained from the low-speed cascade at I^^ot 0.085 

when the turbulence generator was used at the cascade inlet. 

In addition to ;the inlet turbulence level the following factors may 
affect a comparison of the tranaonic- turbine- rotor loss data with those 
obtained from the low-speed cascade: 

(1) The higher flow velocities for the transonic turbine rotors may 
cause shock losses that would Increase ©totA% 

( 2 ) The surface diffusion parameters for the low- speed cascade blad- 
ing were obtained from eaperimentaJL data, whereas the Dtot values for 
the transonic-turbine-rotor blades were obtained from the design blade- 
loading diagiems and may differ somewhat from the actual experimental 
values • 

( 3 ) Due to the three-dimensional nature of the flow in the rotor 
passage, the losses are complicated by secondary- flow effects, such as 
(a) passage vortices and (b) tip clearance or scraping vortices (see 
ref. 15), and these additional effects may contribute to the over-all 
loss picture. 

Although these factors may affect a compariBon of these two types 
of blading, it is interesting to note that there is considerable 
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similarity in the trends of the loss curves obtained for the lov-speed 
cascade blading and the transonic -turbine-rotor blades. Based on the 
limited amount of data presented, the difference in loss magnitude be- 
tween the two curves (fig. 5) might well be the result of the difference 
in inlet turbulent level. 


CONCLUDING REMARKS 

This report has presented the use of an effective rotor-blade mo- 
mentum thickness in describing rotor loss characteristics. This param- 
eter was then used in correlating the rotor losses obtained for a series 
of transonic turbines with a design total surface diffusion parameter. 
Because of the Inability of obtaining measured diffusions on the rotor- 
blade surfaces^ a correlation of this type for rotors must be restricted 
to design point, where the diffusion characteristics are felt to be 
known with reasonable accuracy. When means for experimentally obtain- 
ing rotor surface diffusion characteristics are devised, this approach 
can then be extended to off-design regions. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, March 1, 1956 
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APPENDIX A 
SYMBOLS 

The following symbols are used In. this report: 
parameter defined by eq.. (B6) 
annulus area, sq. ft 

blade surface area, sq ft 


sum of inner- and outer- wall areas within blade row, sq f t 


rotor aspect ratio, ratio of rotor-blade hel^t to mean-section 
chord length 

parameter defined by eq. (B7) 

waJce momentiim difference coefficient (see ref. U.) 

blade mean- section chord length, ft 

specific heat at constant pressxure, Btu/ (lb) (°R) 


blade surface diffusion parameter, 1 - 

^ ’ velocity before diffusion 

acceleration due to gravity, 32.17 ft/sec^ 

form factor, 5/0 

specific work output, Btu/lb 

parameter defined by eq. (B0) 

specific blade loss, (l - 'n)/ff 

length of blade mean camber line, ft 

number of blades 

exponent used in describing sln5>le-power-law boundary- layer veloc- 
ity profile 


n 
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P 

R 

r 

s 

T 

t 

V 

w 

w 

a 

Ob 


r 

8 


8 


te 


8 * 

8 


e 




absolute pressure, Ib/sq. ft 
gas constant, ft/°R 
radius, ft 

270tor-blade spacing at mean section, ft 
temperature, °R 

rotor-blad.e traillng-edge thickness at mean section, ft 
absolute gas velocity, ft/sec 
relative gas velocity, ft/sec 
wei^t flow, Ib/sec 

absolute gas-flow angle measured frcm axial direction, deg 

rotor-blade mean- section stagger angle measmred frcm axial direc- 
tion, deg 

relative gas-flow angle at mean section measured frcm axial direc- 
tion, deg 

ratio of specific heats 
displacement thickness, ft 

ratio of tangential projection of trailing-edge thickness to spac- 
ing, t/s COB 3 

displacement thickness, Stot/® P 
effective displacement thickness, ft 


function of 


^sl 

(’■ J T" 1 

r 

rsi 


frsi + 


Lv 2 ; J 


ratio of inlet-air total pressure to NACA standard sea-level pres- 
sure, p^Pg^ 
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■n adiabatic efficiency, ratio of turbine work based on torque, 

weight flow, and speed measurements to ideal work based on inlet 
total temperature, inlet total pressure, and outlet total 
pressxire 

squared ratio of critical velocity at turbine inlet to critical g 
velocity at NACA standard sea- level temperature, O^^cr sl^ 

6 momentum thickness, ft 

6 effective rotor-blade mcmentxmi thickness based on turbine over-all 
performance, ft 

0* momentum- thickness parameter, 0^q^/s cos p 

p gas density, Ib/cu ft 

a rotor-blade mean-section solidity, c/s 

Subscripts : 

cr conditions at Mach n-umber of 1.0 

fs conditions in free stream or that region between blade wakes 

m mean radius -■ - -- — 

r rotor 

si HACA standard sea-level conditions 

tot sxmi of suction- and pressxn’e-surface quantities 

X axial direction 

2d two dimensional 

3d three dimensional 

0 station upstream of turbine stator 

1 station just downstream of stator trailing edge 

2 station at rotor entrance 

3 station just downstream of rotor trailing edge 
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4 station downstream of rotor where circianferentially uniform, condi- 
tions are assumed to exist 

Sviperscripts ; 

• absolute total state 

" relative total state 
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APPENDIX B 


EXAMPLE CALCULATION OF EFFECTIVE MOMENTUM THICKNESS FOR TURBINE ROTORS 

The general development of the method used to caJ-culate an effec- 
tive mcanentum thickness for rotors Is given In the Body of the report. 
Fiarther details of the method are given In the following example. 


Required Performance, Design, and Geometric Quantities 

The performance, design, and geometric quantities required to cal- 
culate an effective rotor-blade mcaaentimi thickness are 


Equivalent specific work output, Ah'/0j.p, Btu/lb 23.03 

Ratio of specific heats, t 1*4 

Specific heat at constantrpressure, Cp 0.24 

Inlet total tenrperature, Tq, 9r 518,7 

Equivalent weight flow, ws Ib/sec 11,95 

Inlet total pressure, P(>), Ib/sq ft..... 2116.2 

Rotor-blade stagger angle, ag, deg 12.5 

Rotor-blade solidity, a 1.816 

Rotor-blade aspect ratio, sif 0.773 

Rotor-blade trai ,1 1 ng-edge thickness, t. In 0.030 

Number of rotor blades, N 25 

Rotor mean- section radius, r^^. In 5.95 

Rotor-exit relative flow angle, Bg, deg 41.0 

Rotor-exit relative critical velocity ratio, ... 1.02 

Outlet total pressure, p^, Ib/sq ft 916.3 


Calculation of Rotor Loss Total -Pres sure Ratio 

The stator-inlet total pressure p^ was calculated on the basis of- 
continulty from the inlet static pressiare Pq (averaged from, static pres- 
sures measured at the hub and tip), measured Inlet total temperature T^Jj, 
measured weight flow w, and the annulus area Ag^ by using equation (2) 
of reference 16 rearranged In the following form; 



PoV°°® “0 

(Bl) 
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The ri^t side of equation (Bl) is divided by cos oq in order that the 
product A cos woxild represent the area perpendicular to the flow. 

For this example pj^ is 2116.2 pounds per square foot and T<J) is 
510.7° R (standard sea-level conditions); therefore, the symbols defin- 
ing equivalent conditions are hereinafter dropped from the equations. 

The average turbine- outlet total temperature was then obtained from 

TJ = T ' - Ah’/c = 422.7° E. 

4: O P 

CO ^ 

CVJ 

to The average turbine- outlet static pressure p^. was obtained in a 

manner similar to that for the turbine inlet, and the outlet total pres- 
sure pj_ was calculated from equation (Bl) • The resulting tiorbine over- 
all total-pressure ratio was 


P 4 

= 0.433 

■^0 

The stator of this example turbine is described in reference 14, 
The reported stator loss total-pressure ratio, which included the wall 
losses within the stator passage as well as the effect of the nonuni- 
formities at the blade exit but was corrected for. the weiII losses up to 
the stator leading edge, was 


= 0.970 

■^0 


at a design l-ll- Because the turbine-inlet and 

-outlet total pressures were calculated on the basis of continuity in 
the manner previously outlined, the loss in total pressure along the 
inner and outer walls upstream of the stator leading edge was not in- 
cluded; therefore, the' stator loss total-pressure ratio was corrected 
for the wall loss. 


The rotor loss total-pressure ratio can be calculated from 



(3) 


to be 0.912 
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De-bermination of Effective Rotor-Blade Momentum Thickness 

A method of calculating a loss total -pres sure ratio for a three- 
dimensional Blade row from conditions at the trailing edge of the blade 
mean section is presented in reference 3. Because velocity profiles at 
the rotor trailing edge are not experimentally obtainable at present^, it 
is necessary to determine iteration a ratio of effective momentum 
thickness^ to chord length at the mean section that will result 

in the rotor loss total -pressure ratio equal to that calculated from 
performance data. In \the actual calculation for this example turbine^ 
a range of values- of 0 ^q^/c were, assumed and corresponding values of 
rotor loss total -pressure ratio P^/Pg "^©re calculated. Then the value 
of corresponding to the value of P^/pg equation (3). was 

obtained from flgvire 6. However, for this example, the value of 
of 0.0138 corresponding to the calculated P^^^/Pg (see fig. 6) 

was chosen in order to eliminate the iteration process. 


The method of reference 3 for calculating a loss total -pressure 
ratio requires that the effective momentum thickness ^tot 

traillng-edge thickness t be expressed in terms of tangential values 
per unit of blade spacing. The corresponding momentum-thickness param- 
eter is given by 


0* - _ ^tot a 

r, 2d “ s cos P3 ~ c cos 


0.0332 


(B2) 


The momentum-thickness petrameter has to be modified to obtain an equiva- 
lent three-dimensional ejqpression which includes the effects of the end 
walls of the blade passage. In reference 3 the ratio of the three- 
dimensional area to the two-dimensional area was approximated by 

(A{j + A^)/Ajj = 1 + cos a^fas^ (B3) 

Thus, with the assumed momentum loss distribution over the end walls and 
the blade surfaces, fi*r^2d equation (B&) can be modified to a three- 

dimensional value by 

»?,3d “ »;,2d (i + 
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As pointed out in reference 3, the "blockage due to the trailing- 
edge thickness^ e^ressed as a percentage of the total flow area, would 
be the same for the three-dimensional concept as for the two-dimensional 
case. Thus, 


®te,r, 2 d ^ ^e,r,3d s cos 


= 0.0266 


(B5) 


An approximate value of the three-dimensional displacement -thickness 
parameter 8 p 3 ^ required in the method of reference 3 can be calculated 

from 0^ 3 ^ and a theoretical form factor H for a simple -power -law 

velocity profile having an exponent n of l/? as discussed in this re- 
port. Therefore, from figure 7 (which is fig. 4 of ref. 3), which gives 
H as a function of the free-stream critical velocity ratio, H = 1.76 
for Thus, 


Sj,3d = = 0-0991 


The values for ^te,r,3d^ ^3^ Cw/Wcr)fs,m,3 

used to compute P^/Pg sulDstitution in equations (B4), (CL 6 ), (C18), 

(C20), (C2l), and (C22) of reference 1, which, are rewritten herein with 
the symbols of this report: 


A ^ (-^ 

r + 1 


T 

'/fs,m,3 


= 0.173 


(B 6 ) 


Cl - A) Cl - S?,5d - Ste,r,3d ~ 9?,5d) 

cos P 3 (1 - 5* 3 ^ - &te,r,3d) 

= 1.773 (B7) 


K s 



m. 


sin Ps 
3 


A ~ ^,3d - 0te,r,3d ~ 9*,3d\ 
\ 1 - ®r,3d - &te,r,3d / 


0.626 (B8) 
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Figure 4. - Variation in ratio of effective rotor- 
hlade momentxim thickness to mean camher length 
with design total surface diffusion parameter. 
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Figure 7. - Variation In form factor H vith. free->Btream critical velocity ratio 
for almple-pover-law velocity profile having eafiponent n = l/7 (fig. 4 of ref. 3). 
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